Germline mutations in genes that cause hereditary syndromes are highly predisposed to familial pancreatic cancer. However, genetic susceptibility to sporadic pancreatic cancer is largely uncovered. We conducted a two-stage association study on pancreatic cancer that included 981 cases and 1991 controls in the first stage followed by a second stage (2603 cases and 2877 controls). Using an approach based on candidate genes whose roles in pancreatic cancer have been well known, we identified two new susceptibility loci. rs11571836 located in the BRCA2 3′-untranslated region was significantly associated with lower expression of BRCA2 transcript and increased pancreatic cancer risk [odds ratio = 1.30, 95% confidence interval = 1.14-1.47, P = 7.64 × 10 -5 ] in a recessive manner. rs12939944 located in the MAP2K4 intron was associated with decreased risk (odds ratio = 0.82, 95% confidence interval = 0.74-0.91, P = 0.0001) in a dominant manner. Our results demonstrate for the first time that common variants in BRCA2 and MAP2K4 are susceptibility to sporadic pancreatic cancer.
Germline mutations in genes that cause hereditary syndromes are highly predisposed to familial pancreatic cancer. However, genetic susceptibility to sporadic pancreatic cancer is largely uncovered. We conducted a two-stage association study on pancreatic cancer that included 981 cases and 1991 controls in the first stage followed by a second stage (2603 cases and 2877 controls). Using an approach based on candidate genes whose roles in pancreatic cancer have been well known, we identified two new susceptibility loci. rs11571836 located in the BRCA2 3′-untranslated region was significantly associated with lower expression of BRCA2 transcript and increased pancreatic cancer risk [odds ratio = 1.30, 95% confidence interval = 1.14-1.47, P = 7.64 × 10 -5 ] in a recessive manner.
Introduction
Pancreatic ductal adenocarcinoma is the most lethal human malignancy and the vast majority of patients with this disease die within a year of clinical diagnosis, with the reported survival rates being usually less than 5% (1) . Although the etiology and pathogenesis of pancreatic cancer is largely unknown, individuals carrying germline mutations in certain genes that cause hereditary syndromes are at extremely higher risk (2) , indicating that genetic makeup may play an important role in the development of this cancer. However, owing to the rare prevalence, such high-risk germline mutations contribute little to the total burden of pancreatic cancer and thus, it is important to identify common risk variants. Recently, we have reported a genome-wide association studies (GWAS) of pancreatic cancer in Chinese population based on genotyping 666 141 single nucleotide polymorphisms (SNPs) in 981 cases and 1991 controls with a second replication stage in 2603 cases and 2877 controls, and identified five new risk loci (3) . Together with loci identified by two previous studies in populations of European ancestry (4, 5) , nine susceptibility loci for pancreatic cancer have been discovered by GWAS. However, despite the discovery of these susceptibility loci, there still remains unknown heritability of pancreatic cancer. In our previous GWAS, only a few top markers were replicated. It is possible that some true susceptibility loci with moderate P values were overlooked due to the use of stringent P-value threshold, which is necessary for GWAS to decrease false positives (6) . It is therefore necessary to undertake complementary strategies to discover additional risk variants. Here, we performed a new candidate gene approach to explore the association between SNPs and susceptibility to pancreatic cancer using our previous genome-wide screening data (3) and independent validation.
Materials and methods

Study subjects
This study was an extension of our previous GWAS, in which the genomewide scan sample comprised 981 pancreatic cancer cases and 1991 controls, and replication samples comprised 2603 cases and 2877 controls. The sources and characteristics of these study subjects were described previously (3) . Briefly, for the genome-wide scan, cases were recruited in Cancer Hospital, Chinese Academy of Medical Sciences (Beijing) and Cancer Hospital, Fudan University (Shanghai) between 2000 and 2011; controls were cancer-free individuals selected from community cancer screening programs for early detection of cancer (Beijing) or nutritional survey (Shanghai) conducted during the same time period as the patients were collected. The study subjects for the second-stage analysis consisted of 2603 cases and 2877 controls, which were recruited from 16 provinces or cities in China during the GWAS period. The diagnosis of pancreatic ductal adenocarcinoma was confirmed by histopathological or cytological analysis according to the World Health Organization classification. Demographic characteristics including sex and age were obtained from patient's medical records. All controls were selected on the basis of physical examinations and frequency matched for sex and age to cases. At recruitment, informed consent was obtained from each subject. This study was approved by the Institutional Review Board of Chinese Academy of Medical Sciences Cancer Institute.
Selection of candidate genes and SNPs and statistical analysis
We used NextBio Public database (http://www.nextbio.com/b/nextbio.nb) (7) to choose genes that have been well established to play critical roles in the Abbreviations: CI, confidence interval; cDNA, complementary DNA; FPRP, false-positive report probability; GWAS, genome-wide association studies; LD, linkage disequilibrium; OR, odds ratio; qPCR, quantitative PCR; SNP, single nucleotide polymorphism; UTR, untranslated region † These authors contributed equally to this work.
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development of pancreatic cancer as candidates. By using keyword 'pancreatic cancer', numerous genes appeared in the database and we selected the top 10 genes for analysis in this study. They were TP53, KRAS, CDKN2A, SMAD4, MAP2K4, BRCA2, MEN1, STK11, PALLD and APC in order. Because MEN1, a gene mainly associated with pancreatic endocrine tumors, is often mutated and methylated in pancreatic ductal adenocarcinoma (8) , it was also chosen as a candidate. All selection of markers was based on our previous GWAS scan results with standard quality-control process including testing Hardy-Weinberg equilibrium, principal component analysis and so on (3). We identified a total of 672 directly genotyped or well-imputed SNPs in these 10 genes and their 10 kb upstream regions with minor allele frequency (MAF) of more than or equal to 0.05 for genetic association analysis ( Supplementary Table I , available at Carcinogenesis Online). Associations were then analyzed by multivariate logistic-regression model using sex and age as covariates. In the firststage analysis, we used dominant and recessive models in logistic regression to calculate P values and odds ratios (ORs) and their 95% confidence intervals (CIs) of each SNP. The lower P values from the two models were used to evaluate the statistical significance of the associations. We then calculated falsepositive report probability (FPRP) for statistically significant associations as described by Wacholder et al. (9) . In this study, we set a stringent significance value of FPRP at 0.20, which indicates that any finding with a FPRP value of less than 0.20 is significant. The prior probability was set at 0.10 for all SNPs and the statistical power to detect an OR of 1.50 (or its reciprocal 0.67) was used for calculating FPRP value. We also computed correlation coefficient (r) of each pair of adjacent SNPs on the same gene to assess the linkage disequilibrium (LD) status. SNPs with r 2 > 0.8 were considered to be in one LD block and we thus selected the most significant SNP (with lowest P value) in the block for replication. With this criterion, five SNPs were then selected for replication analysis. To assess the significance in the replication stage, we performed Bonferroni correction for multiple testing. LD structures of interest loci were generated using Haploview v4.2 software.
Genotype analysis
The preparation of genomic DNA, genotyping analysis of the GWAS samples, imputation and LD analysis have been described previously (3) . Briefly, besides a part of genomic DNA samples of cases for the second-stage analysis (n = 814) was isolated from surgically removed and paraffin-embedded normal tissue adjacent to pancreatic cancer using KAPA Express Extract Kits (KAPA Biosystems, Woburn, MA), the remains were isolated from peripheral blood lymphocytes using a commercial Flexi Gene DNA extraction kit (Qiagen, Hilden, Germany). Genotyping analysis of the GWAS samples was conducted using Affymetrix GeneChip Human Mapping 6.0 set (Affymetrix, Santa Clara, CA). For fine mapping of loci of interest, we used MACH software (http://www.sph.umich.edu/csg/abecasis/MACH/index.html) and the linkage disequilibrium (LD) and haplotype information from the HapMap phase II CHB+JPT to generate in silico genotypes at additional SNPs in all loci of interest. Genotype analysis of replication samples was performed by TaqMan assays using ABI 7900HT system (Applied Biosystems, Foster City, CA). The primers and probes used for genotyping of the five SNPs are shown in Supplementary Table II , available at Carcinogenesis Online. Several genotyping quality-control measures were implemented for replication stages, including the following: (i) the case and control samples were mixed in the plates and persons who performed the genotyping assay were not aware of case-control status; (ii) the positive and negative (no DNA) samples were included on every 384-well assay plate; (iii) replicating ~10% DNA samples (n = 300) used for GWA scan with the accordance being 99.7% between the two methods. Following an analogous data quality-control process in replication assays, we genotyped a new data set of 2603 cases and 2877 controls in all.
Luciferase reporter gene assays
For facilitating function experiments, we used pGL3-CMU vector modified from pGL3m (kindly provided by Prof. Z. Liang of Peking University) (10) (11) (12) to construct luciferase reporter gene plasmid. The whole 3′-untranslated region (3′UTR) of BRCA2 containing the rs11571836A allele was produced by PCR with the primers shown in Supplementary Table II , available at Carcinogenesis Online, digested with USER enzyme (New England Biolabs, Beverly, MA) and cloned into the linearized nicked pGL3-CMU vector to create the p-A construct. The p-A construct was then site-specifically mutated to make the p-G construct containing the rs11571836G allele. Both constructs were restriction mapped and sequenced to confirm their authenticity. Human pancreatic cancer cell lines AsPC-1 and PANC-1 obtained from American Tissue Culture Collection were used for luciferase reporter gene assays. The constructed reporter plasmid p-A or p-G was cotransfected with pRL-SV40 (Promega, Madison, WI) to the cells cultured in RPMI 1640 (Hyclone, Logan, UT) supplemented with 10% fetal bovine serum (Biochrom AG, Berlin, Germany) under 37°C in humidified atmosphere containing 5% CO 2 using Lipofectamine reagent (Life Technologies, Carlsbad, CA). The pRL-SV40, containing Renilla reniformis luciferase, was used to standardize transfection efficiency. For each plasmid, three independent transfection experiments were performed and each was done in triplicate. The t-test was used to examine the differences in luciferase reporter gene expression.
Analysis of allele-specific BRCA2 RNA expression
Total RNA was isolated from surgically removed normal adjacent pancreatic tissues of patients carrying the rs11571836 AG genotype (n = 16) and converted to complementary DNA (cDNA) using oligo(dT) primer and M-MLV Reverse Transcriptase (Promega). Allele-specific expression of BRCA2 RNA was analyzed by real-time quantitative PCR (qPCR) on an ABI 7900HT system as described by Chen et al. (13) . The p-A and p-G plasmids as described above were used as standard samples to generate standard curves for rs11571836A or rs11571836G allele. The qPCR results were analyzed using the software SDS 2.3 (Applied Biosystems) and the BRCA2 transcript (expressed as cDNA) copy numbers for different rs11571836 alleles were estimated based on the respective standard curve. The ratio of rs11571836G transcript copy numbers to rs11571836A transcript copy numbers was calculated as an indicator of allele-specific expression levels. Because allele imbalance of genomic BRCA2 DNA might exist in individuals and would influence allele-specific BRCA2 transcript levels, we also examined BRCA2 DNA copy numbers in the same individual using allele-specific qPCR and took into account of DNA copy numbers when comparing allele-specific BRCA2 transcript copy numbers. If there is no allele expression imbalance, the ratio of rs11571836G transcript copy numbers to rs11571836A transcript copy numbers would be equal to the ratio of rs11571836G DNA copy numbers to rs11571836A DNA copy numbers. The primers and probes used for qPCR determination of different allelic BRCA2 genomic DNA and transcript are shown in Supplementary Table II , available at Carcinogenesis Online.
Results
We first used NextBio Public database (7) to choose candidate genes that have been well recognized to play critical roles in the development of pancreatic cancer and 10 top genes, that is TP53, KRAS, CDKN2A, SMAD4, MAP2K4, BRCA2, MEN1, STK11, PALLD and APC, were identified. Then we analyzed the associations between pancreatic cancer risk and directly genotyped and well-imputed SNPs within each of these gene loci and its 10 kb upstream region in our GWAS scan results (3) using both dominant and recessive genetic models in the multivariate logistic regression with sex and age as covariates. As a result, we found that among the identified 672 SNPs in these gene loci, 3 in KRAS, 1 in CDKN2A, 4 in SMAD4, 30 in MAP2K4, 5 in BRCA2, and 23 in PALLD were associated with the risk at P < 0.05 ( Supplementary Table I , available at Carcinogenesis Online). However, no SNPs with P < 0.05 were found in TP53, MEN1, STK11 and APC. We then estimated each of these SNPs with P < 0.05 by FPRP and found that only two in MAP2K4 (rs12939944 and rs12942507), two in BRCA2 (rs9567639 and rs11571836) and two in PALLD (rs7666151 and rs13120709) passed the FPRP test (FPRP < 0.20; Table I and Supplementary Table I , available at Carcinogenesis Online), indicating that the associations of these SNPs with pancreatic cancer risk were promising for replication. Because the markers rs9567639 and rs11571836 in the BRCA2 gene are in perfect linkage disequilibrium (r 2 = 1.00), we only selected one tagging marker, rs11571836, for further analysis.
Replication of the five markers in the second-stage consisting of 2603 pancreatic cancer cases and 2877 controls verified rs12939944 in MAP2K4 and rs11571836 in BRCA2 significantly associated with pancreatic cancer risk in the same direction as observed in the GWAS scan stage (P = 0.0019 and P = 0.0041, respectively). However, the other three signals, rs12942507 in MAP2K4 and rs7666151 and rs13120709 in PALLD failed to be replicated (all P > 0.05). rs12939944 SNP in MAP2K4 was associated with a decreased pancreatic cancer risk in a dominant manner; in combined sample, the adjusted OR for individuals with at least one C allele (TC and CC genotype) was 0.82 (95% CI = 0.74-0.91, P = 0.0001) compared with those with the TT genotype. rs11571836 SNP in BRCA2 was significantly associated with an increased pancreatic cancer risk in a recessive manner; in combined sample; the adjusted OR for individuals with the GG genotype was 1.30 (95% CI = 1.14-1.47, P = 7.64 × 10 -5 ) compared with those with at least one A allele (AA and AG genotype; Table  I ). Either in the second-stage analysis or in combined analysis, the associations for rs12939944 and rs11571836 were significant after Bonferroni correction for five testing.
Because rs11571836 is located in BRCA2 3′UTR, it might affect regulation of the gene. To investigate its potential function, we constructed two luciferase reporter plasmids consisting of the BRCA2 3′UTR with either rs11571836A or rs11571836G allele and transiently transfected them into two pancreatic cancer cell lines, AsPC-1 and PANC-1. We found that reporter gene with the rs11571836G BRCA2 3′UTR had a significantly lower luciferase expression than reporter gene with the rs11571836A BRCA2 3′UTR in both cell lines, with the values (mean ± standard error) being 4.46 ± 0.09 versus 2.24 ± 0.04 in AsPC-1 cells and 2.89 ± 0.09 versus 1.94 ± 0.13 in PANC-1 cells (both P < 0.0001, Figure 1A) . These results suggest that the rs11571836 might have functional relevance.
To test whether rs11571836 SNP affects BRCA2 expression in vivo, we performed allele-specific quantitative PCR to measure copy number of the BRCA2 transcript and the corresponding genomic DNA with different rs11571836A or rs11571836G allele in normal pancreatic tissues adjacent to tumors obtained from different individuals with the heterozygous rs11571836AG genotype (n = 16). We found that the ratios of BRCA2 DNA copy number for the rs11571836G allele to that for the rs11571836A allele were nearly 1.00 (mean ± standard error, 1.00 ± 0.04) in all samples, indicating that no genomic copy number imbalance of different BRCA2 alleles existed. However, the BRCA2 cDNA copy number was significantly lower for the rs11571836G allele than that for the rs11571836A allele (mean ± standard error, 0.80 ± 0.05) ( Figure 1B and Supplementary Table III , available at Carcinogenesis Online), suggesting a potential allele expression deficiency of BRCA2 for the rs11571836G allele compared with the rs11571836A allele.
Discussion
In this study, we employed a new candidate gene-based strategy to further discover susceptibility loci for pancreatic cancer using our previous GWAS data (3) . By focusing on the top 10 genes that have been well established to play pivotal roles in the development of pancreatic cancer, we identified rs11571836 in BRCA2 and rs12939944 in MAP2K4 as new susceptibility loci for sporadic pancreatic cancer. Biochemical assays linked the rs11571836 A>G change to decreased constitutional levels of BRCA2 transcript, which might be the underlying mechanism for the association of this SNP with susceptibility to pancreatic cancer. To the best of our knowledge, this is the first study showing that genetic polymorphisms in BRCA2 and MAP2K4 as well are associated with susceptibility to sporadic pancreatic cancer.
The main function of BRCA2 is to maintain genome stability by repairing DNA damage and deficiency of BRCA2 leads to the accumulation of chromosomal aberrations in cells (14, 15) . More importantly, germline mutations of the BRCA2 gene have been shown to cause hereditary breast and ovarian cancer syndrome and linked to 5-to 10-fold increased risk of familial pancreatic cancer (2, 16, 17) . These findings strongly support our results that genetic variation in BRCA2 is associated with susceptibility to sporadic pancreatic cancer. The SNP rs11571836 is located in the BRCA2 3′UTR and might influence BRCA2 expression via potential mechanisms such as creating a micro-RNA binding site and affecting 3′ end formation of pre-messenger RNA or messenger RNA secondary structure as reported in many studies (10, 18, 19) . Indeed, our reporter gene assays and allelespecific expression analysis of BRCA2 in normal pancreatic tissues demonstrated that the rs11571836 SNP is functional relevant and the G allele had a significantly lower BRCA2 messenger RNA expression compared with the rs11571836A allele. These results are consistent with our results, indicating the G allele as risk allele. Because BRCA2 is a tumor suppressor, subtle deficiency of it due to functional genetic polymorphism would be anticipated to confer susceptibility to the cancer. We observed that the rs11571836 SNP confers susceptibility to pancreatic cancer in a recessive manner, which is consistent with the nature of action of a tumor suppressor.
MAP2K4 is a member of the mitogen-activated protein kinase family and acts as a direct activator of mitogen-activated protein kinases in response to various environmental stresses or mitogenic stimuli, such as growth factors, hormones, and pro-inflammatory cytokines (20) . Although important, the roles that MAP2K4 plays in cancer development appear complicate and contradictory results have been reported over the past decade. It was found that about 5% of several types of cancer including pancreatic cancer had genetic inactivation of MAP2K4 (21-23) and dominant-negative mutant of MAP2K4 could promote cell transformation and tumorigenicity (24) . Furthermore, it has been shown that loss of MAP2K4 protein was associated with distant metastasis and bad survival of pancreatic cancer (25) . All of these studies imply MAP2K4 a tumor suppressor. However, other studies provided evidence supporting a pro-oncogenic role of MAP2K4. It was shown that ectopic expression of MAP2K4 in MAP2K4-negative breast and pancreatic cancer cell lines stimulates cell proliferation and invasion, and knockdown of MAP2K4 expression led to suppressed tumor growth in mouse xenograft model and increased cell susceptibility to apoptosis (26) . Another study reported that MAP2K4-null pancreatic cancer cells produced fewer metastases in vivo compared with wild-type cells (27) . In the present study, we observed a significant association between risk of pancreatic cancer and rs12939944, which is in strong LD (r 2 = 0.98) with another SNP rs9788973 in the gene. It has been shown that rs9788973 is associated with MAP2K4 expression trait in the liver (28) .
A previous study in European ancestry reported null significant association between risk of pancreatic cancer and SNPs in hereditary pancreatic cancer genes including BRCA2 (29) . The discrepancy between their results and ours might reflect the ethnic-specific nature of cancer susceptibility. It is important to note that genotype frequencies of rs11571836 are 70.8% (AA), 27.4% (AG) and 1.8% (GG) in population of European ancestry (HapMap phase III databases) compared with 42.6% (AA), 45.7% (AG) and 11.7% (GG) in our control population of Chinese ancestry. Given extremely rare frequency of the 11571836 GG genotype in populations of European ancestry, it would not be surprising to see null association in the study where statistical power was limited (29) . Germline mutations in CDKN2A, STK11 and APC have been correlated to unusual high lifetime risk of developing familial pancreatic cancer (30) (31) (32) (33) . However, in the current study, we did found any significant association of SNPs in these genes with risk of pancreatic cancer, which is consistent with the previous study (29) .
The evaluation of susceptibility loci in GWAS necessitates the use of stringent P values to prevent false-positive results; however, this strategy might yield false-negative results (6) . Thus, other empirical complementary approaches are required to discover additional loci. Indeed, employing an empirical approach focusing on genes that their roles in pancreatic cancer are well established, we have identified rs11571836 in BRCA2 and rs12939944 in MAP2K4, which had not reached genome-wide significance in our previous GWAS (3), as new susceptibility loci. These results demonstrated that our approach in the present study is useful and can be used as a complementary approach in the analysis of GWAS data.
In conclusion, in our two-stage association study with candidate gene approach, we have identified for the first time two new susceptibility loci for pancreatic cancer in Chinese populations. Strikingly, one of these susceptibility loci is BRCA2, whose germline mutations have been well known to cause hereditary breast and ovarian cancer syndrome and familial pancreatic cancer. These results have substantially extended our previous findings and advanced our understanding of the etiology of pancreatic cancer. Fig. 1 . Results of reporter gene assays and allele-specific expression determination for BRCA2 rs11571836. (A) Reporter gene assays with constructs containing the whole 3′UTR of BRCA2 with rs11571836A (p-A) or rs11571836G (p-G) allele in AsPC-1 and PANC-1 cells. The construct p-A or p-G was cotransfected with pRL-SV40 to standardize transfection efficiency. Data shown are the means ± standard error from three independent transfection experiments, each done in triplicate. *P < 0.0001. (B) Allele-specific expression of BRCA2 rs11571836G and rs11571836A. Allele-specific qPCR was carried out on BRCA2 transcript (cDNA) and corresponding genomic DNA (gDNA) samples from pancreatic tissues with the heterozygous rs11571836AG genotype (n = 16). The copy numbers of rs11571836G cDNA were significantly lower than that of rs11571836A (mean ratio ± standard error = 0.80 ± 0.05), whereas the copy numbers of rs11571836G gDNA were similar to that of rs11571836A (mean ratio ± standard error = 1.00 ± 0.04).
